Partial pressure of CO 2 (pCO 2 ) and iron availability in seawater show corresponding 32 changes due to biological and anthropogenic activities. The simultaneous change in these 33 factors precludes an understanding of their independent effects on the ecophysiology of 34 phytoplankton. In addition, there is a lack of data regarding the interactive effects of 35 these factors on phytoplankton cellular stoichiometry, which is a key driving factor for 36 the biogeochemical cycling of oceanic nutrients. Here, we investigated the effects of 37 pCO 2 and iron availability on the elemental composition (C, N, P and Si) of the diatom 38
INTRODUCTION 63
The dissolution of CO 2 that is primarily emitted from anthropogenic activities 64 causes the partial pressure of CO 2 (pCO 2 ) to increase and the pH to decrease in surface 65 oceans. Ocean pH has decreased by ~0.1 unit since preindustrial times and will continue 66 to decrease as long as fossil fuels are burned without significant efforts to reduce the 67 atmospheric CO 2 (Doney et al. 2009 ). The rate of pH decline during the Anthropocene 68 (beginning in the late 18th century; Crutzen 2002) is probably considerably more rapid 69 than that which occurred over the past several tens of millions of years (Doney et al. 70 2009). Concomitant with ocean acidification, the ferrous to ferric iron composition 71 (Millero et al. 2009 ) and the conditional stability constant of iron-ligand complexes (Shi 72 et al. 2010 ) could increase in the future as atmospheric CO 2 rises. In addition to 73 increasing atmospheric CO 2 , other human perturbations, such as land use and SO x and 74 NO x emissions, will further alter iron distribution and bioavailability in the open ocean 75 (Mahowald et al. 2009 ). Therefore, ocean acidity and iron availability will show 76 corresponding changes in future high-CO 2 oceans. Based on this finding, experiments 77 that use natural seawater will not be able to distinguish the impact of carbonate 78 chemistry or iron bioavailability on phytoplankton ecophysiology. 79 A critical challenge is to understand how the rapid decline in pH during the 80 Anthropocene era affected phytoplankton ecophysiology. However, the atmospheric CO 2 81 concentrations during the Quaternary period (~1.8 million years ago to the present; 82 5 1994). In addition, the iron concentration varies spatiotemporally by one to two orders of 120 magnitude due to water mass exchange and biological uptake in the western subarctic 121
Pacific (Sugie et al. 2010a , Nishioka et al. 2011 ). Therefore, phytoplankton need to adapt 122 and survive in a fluctuating iron environment Kuma 2008, Sugie et al. 2011) . 123
Changing iron availability results in changes in the elemental composition of the 124 diatoms; specifically, the cellular Si:N ratio increases as iron bioavailability decreases 125 (e.g. Takeda In the present study, we describe a new method for evaluating the individual 138 effects of pCO 2 and iron availability on marine phytoplankton ecophysiology. We 139 investigated the interactive effects of pCO 2 and iron on the elemental compositions (C, N, 140 P and Si) and cell geometry of the diatom Pseudo-nitzschia pseudodelicatissima (Hasle) 141
Hasle. Pseudo-nitzschia species are ubiquitous, even in iron-depleted oceanic 142
environments (Hasle 2002, de Baar et al. 2005). Therefore, species of the genus 143
Pseudo-nitzschia are among the most suitable diatoms for examining the interactive 144 effects of pCO 2 and iron in order to understand the biogeochemical cycling of nutrients 145 in high-CO 2 oceans. 146
147

MATERIALS AND METHODS 148
collected from Onjuku, Chiba, Japan (35°18′N, 140°38′E). Salinity of the seawater was 150 34.2. Initially, the seawater was filtered through a 0.22 µm cartridge filter (Advantech 151
Co. Ltd., Tokyo, Japan). Macronutrients were then added to the filtered seawater and the 152 seawater was aged for ~1 month in an acid-washed 50 L polypropylene carboy, to 153 precipitate dissolved iron, excess to its solubility, as conducted previously (Sugie et al. 154 2010b) . Stock solutions of macronutrient were passed through a Chelex 100 resin 155 (Bio-Rad, CA, USA) to remove trace metals, as described by Price et al. (1988/89 , as measured by flow-injection 159 with chemiluminescence detection (Obata et al. 1993) . 160
Seawater for the isolation of P. pseudodelicatissima was collected from Harima 161 Nada, Seto Island Sea, Japan (34°77′N, 134°70′E) in 2009. The experiment was 162 conducted within 1.5 years after isolation. A single cell was isolated using a capillary 163 pipette and rinsed several times with 0.1 µm filtered seawater. Although, the strain was 164 not completely axenic, bacterial contamination was minimized by the use of sterile 165 techniques and serial transfer during exponential growth. To identify the species, the 166 diatom cell was cleaned according to the method described by Nagumo (1995), and the 167 cleaned frustule was observed using a scanning electron microscope. Species 168 identification was performed according to Hasle and Syvertsen (1997) HCl was used for polycarbonate bottles) followed by rinsing 182 thoroughly with Milli-Q water (>18.0 MΩ cm −1 , Merck KGaA, Darmstadt, Germany). 183
Preparation and sampling for all experiments were conducted in a class 1000 clean room 184 and at a class 100 clean bench, respectively, to avoid inadvertent trace metal 185
contamination. 186
Experimental design. Carbonate chemistry during the culture experiment was 187 manipulated by injecting controlled dry air with a specific CO 2 concentration (xCO 2 ) 188 (Nissan Tanaka Corp., Saitama, Japan) directly into the culture bottles at a flow rate of 189
. The injected air was passed through a 0.2 µm in-line filter to avoid 190 contamination from the gas cylinder or lines and humidified by passing the gas through 191
Milli-Q water. The xCO 2 of the injected air was set at 171, 386, 614, and 795 ppm, 192 corresponding to the glacial minimum, present, and two possible future CO 2 conditions, 193 respectively (Table 1) (Table 1 ). The Fe′ concentration was calculated according to Sunda and 198 Huntsman (2003) . When calculating Fe′ concentrations, background iron was included 199 with the added iron (see above). Because the iron-EDTA buffer system is pH sensitive 200 (Sunda and Huntsman 2003) , the defined Fe′ concentrations were obtained by 201 recalculation using pH values that were calculated from the dissolved inorganic carbon 202 (DIC) and total alkalinity (TA) data. The DIC and TA were measured at the start and end 203 of the experiment (Table 1) . To achieve steady state and equilibrium of the carbonate 204 chemistry and iron-EDTA system, xCO 2 controlled air was bubbled into the modified 205
Aquil medium at a flow rate of ~30 mL min were added to each medium at the 215 beginning of the experiment. Cells were cultured by dilute batch culture and were 216 harvested at less than 5% of the carrying capacity of the modified Aquil medium. The 217 diatoms were cultured in the experimental media for 4-6 days while they were still in 218 exponential growth, a period that corresponded to between the 7th and 10th cell division 219 under experimental conditions. 220
Growth rate, cell size and geometry. Growth was monitored daily using a 221 Co. Ltd., Osaka, Japan) and a total alkalinity analyzer (Kimoto electric Co. Ltd., Osaka, 250 Japan), as described by Edmond (1970) . However, as the EDTA began absorbing protons 251 below pH ~4, the titration data below pH 4 were eliminated from the Grand plot. The 252 stability of the titration analysis was checked using DIC reference material (KANSO Co. Filter samples for POC and PN were freeze-dried, and the concentrations were measured 262 using a CHN analyzer (Perkin Elmer Inc., MA, USA). PP was measured using a 263 spectrophotometer (Hitachi High-Teck Corp. Tokyo, Japan) after high temperature 264 combustion and acid hydrolysis of the filters as described by Solórzano and Sharp (1980) . 265
For BSi analysis, the filter was digested by heating to 85°C for 2 h in 0.5% Na 2 CO 3 266 solution (Paasche, 1980) . After neutralizing with 0.5 mol L
−1
HCl, the silicic acid 267 concentration was measured using a QuAAtro-2 continuous flow analyzer. All data for 268 appropriate filter blanks. Cellular elemental concentrations (C, N and P) were calculated 270 by dividing POC, PN, or PP concentrations by cell density and CV. The SA normalized 271
Si as an indicator of frustule thickness was calculated by dividing BSi concentration by 272 cell density and SA. 273
Statistics. Data trends obtained under different pCO 2 and iron conditions were 274 evaluated using F-tests, and regression coefficients were evaluated using t-tests. The 275 regression formula was chosen to achieve the highest accuracy (i.e., F value and 276 correlation coefficient). Data for fitting the Monod equation were calculated using 277
Origin software (version 8.0, OriginLab Corp., MA, USA) with a non-linear method. 278
Multi-regression analyses were conducted using PASW statistics software (version 17.0, 279 SPSS Inc., IL, USA). Significant results are reported at the 95% confidence level. 280
281
RESULTS
282
Medium conditions. At the beginning of the experiment, seawater pCO 2 was 283 close to steady state with the xCO 2 of the bubbled air in the three higher CO 2 bottles 284 (412 ± 8, 609 ± 11 and 769 ± 11 µatm), whereas a slightly higher value than the expected 285 steady state value was observed in the lowest xCO 2 treatment (251 ± 17 µatm) ( Table 1) . 286
The corresponding pH values (represented as mean ± range of duplicate bottles) for the 287 171, 386, 614, and 795 ppm xCO 2 treatments were 8.22 ± 0.02, 8.05 ± 0.01, 7.90 ± 0.01, 288 and 7.81 ± 0.01, respectively. During the course of the experiment, the DIC decreased 289 due to phytoplankton growth that exceeded DIC addition by bubbling. The decrease in 290 DIC was greater in treatments with high Fe′ conditions and 171 ppm xCO 2 treatments 291 than that in low Fe′ conditions and higher xCO 2 treatments because photosynthesis and 292 the bubbling of low xCO 2 air simultaneously depressed DIC. At the end of the culture 293 period, the pCO 2 had decreased by ~30-300 µatm, while the pH had increased by 294 0.03-0.20 units, depending on the extent of phytoplankton growth (Table 1) . Further, 295 during the experiment, the Fe′ changed due to the increase in pH. The change in Fe′ 296 ranged from ~15% under the low Fe′ conditions to 100-140% under the high Fe′ 297 conditions (Table 1) (Fig. 1A) . Multi-regression analysis indicated that 303 the specific growth rate was strongly correlated with Fe′ but not with pCO 2 , within the 304 investigated ranges ( Table 2 , respectively. The initial 308 slope of the Monod regression (α) was highest for the 171 ppm xCO 2 treatment and 309 decreased with increasing pCO 2 (Fig. 2) . The CV showed a gradual, although significant, 310 increase with increasing Fe′ and decreasing pCO 2 (Fig. 1B, Table 2 ). CV was positively 311 correlated with specific growth rate (Fig. 1C) and varied with the length of the 312 transapical or pervalver axis but not with the length of the apical axis (Fig. 1D, E) . 313 Therefore, SA/CV was tightly regulated by the valve aspect ratio (VA ratio ; Fig. 1F ). The 314 lengths of the apical axis and transapical or pervalver axis were not significantly 315 influenced by variations in pCO 2 . VA ratio and SA/CV significantly increased with 316 increasing pCO 2 and decreased with increasing Fe′ concentrations (Table 2) . Further, 317 although P. pseudodelicatissima cells were acclimated to only two Fe′ regimes, they 318 appeared to be fully acclimated to the experimental conditions because the results 319 indicated gradual changes in the growth rate, cell size, and geometry with respect to the 320 ), when the growth rates were 80-95% of µ max (Fig. 3) . The empirical 324 equation for each element (C, N, P, and Si) was obtained from the data in The In cell C, N, and P concentrations and Si/SA graphs had quadric surfaces with respect 333 to the pFe′. However, changes in pCO 2 linearly affected only the In cell P and Si/SA 334 concentrations while changes in pCO2 were not significantly associated with In cell C and 335 N concentrations. Si/SA decreased significantly with increasing pCO 2 (t = −5.8, p < 336 0.001, df = 39). In contrast, In cell P concentration increased significantly with decreasing 337 pCO 2 (t = −2.9, p = 0.006, df = 39). 338
In general, the highest ρE SA was detected for the 171 and 386 ppm xCO 2 339 treatments under high Fe′ conditions, whereas the lowest ρE SA was measured for the 340 high-CO 2 and low-Fe′ conditions (Fig. 4) . All regression coefficients, with the exception 341 of ρN SA for pCO 2 were significant (Table 2) ; the ρC SA , ρP SA , and ρSi SA increased with 342 increasing Fe′ concentration and decreasing with increasing pCO 2 (Fig. 4A, C, D) . In 343 contrast, ρN SA was affected only by iron availability and increased with increasing Fe′ 344 (Fig. 4B , Table 2 ). The maximum ρE SA (ρE SA-max ) and half saturation constant for the 345 ρE SA (k ρ ) as a function of Fe′ were determined by fitting the data with the Monod model 346 (Table 3) . The highest ρE SA-max values of ρC SA , ρP SA , and ρSi SA were obtained for the 347 171 ppm xCO 2 treatment, whereas those for the 614 and 795 ppm xCO 2 treatments were 348 similar. The ρE SA-max of ρN SA was not affected by pCO 2 variation (Table 3 ). The highest 349 α values of ρC SA , ρN SA , and ρP SA were obtained for the 171 ppm xCO 2 treatment, 350 whereas the other three xCO 2 treatments had similar α values (Table 3) . 351
Elemental composition. The cellular C:N ratio significantly increased from ~5.9 352 to ~6.5 as Fe′ concentration decreased, while the coefficient for pCO 2 was not 353 statistically significant (Fig. 5A, Table 2 ). In contrast, the cellular C:P ratio significantly 354 increased with increasing pCO 2 , but not with Fe′ concentration (Fig. 5B, Table 2 ). The 355 average cellular C:P ratios (mean ± 1SD of ten replicates) for the 171, 386, 614, and 795 356 ppm xCO 2 treatments were 98 ± 9.0, 119 ± 22, 136 ± 31, and 139 ± 15, respectively (Fig.  357   5B) . The cellular N:P ratio was positively correlated with pCO 2 and Fe′ and ranged from13 ~15 in the low pCO 2 and Fe′ conditions to ~26 in the high pCO 2 and Fe′ conditions (Fig.  359 5C, Table 2 ). The cellular Si:N and Si:C ratios decreased significantly as pCO 2 and Fe′ 360 concentration increased (Fig. 5D , E, Table 2 ). The cellular Si:P ratio was positively 361 correlated with pCO 2 , but negatively correlated with Fe′ (Fig. 5F, Table 2 ). Growth rate, cell size and geometry. We found that the specific growth rate and 376 the theoretical maximum specific growth rate (µ max ) were not affected by pCO 2 . These 377 results are similar to those of a recent study of eight phytoplankton species belonging to 378 four phyla (Berge et transapical or pervalver axis length rather than apical length, i.e., the VA ratio was affected 405 by Fe′ and pCO 2 variation. These findings are in accordance with the previous study of 406 six Pseudo-nitzschia strains that indicated that VA ratio increased with decreasing iron 407 availability (Marchetti and Harrison, 2007) . However, the larger CV observed under low 408 pCO 2 conditions is apparently a competitive disadvantage in CO 2 -stressed environments. 409
In the present study, the ρE SA and its affinities were highest under low pCO 2 conditions, 410 which can offset the growth disadvantage of a large CV. Therefore, the growth rate of P. (Table 2) , which is lower than the corresponding C:N ratio, suggesting a 432 rapid decrease in N uptake activity relative to C uptake activity in response to a decrease 433 in iron availability. Therefore, we conclude that a decrease in iron availability causes an 434 increase in the C:N ratio of P. pseudodelicatissima. 435
When the pCO 2 was increased from ~200 to ~750 µatm, the C:P ratio increased 436 by approximately 40% because ρP SA decreased faster as pCO 2 increased than did ρC SA 437 (Fig. 4, Table 3 ). The elevation of the C:P ratio in diatoms and other phytoplankton 438 under high pCO 2 Geider 2004). Our results indicate that the apparent nutrient uptake rates and iron uptake 447 affinity were high under low pCO 2 conditions, but that the specific growth rate was notis a key component of CCMs, was upregulated at 160 ppm xCO 2 relative to 275-950 450 ppm xCO 2 . It can be assumed that P. pseudodelicatissima is able to increase its RNA 451 synthesis under low pCO 2 conditions to upregulate nutrient and Fe uptake transporter 452 proteins and CCMs, such as carbonic anhydrase, resulting in a relatively low C:P ratio. 453
In the present study, the C:P ratio was not affected by iron availability (Table 2) . In 454 contrast, Price (2005) reported that the C:P ratio of the diatom T. weissflogii increased 455 with increasing iron concentration; however, this trend was unclear at 50-100% of 456 µ:µ max . Young and Beardall (2005) reported that a decrease in iron availability increased 457 the activity of CCMs in Dunaliella tertiolecta (Chlorophyceae), suggesting that 458 iron-limitation increases the C:P ratio through an increase in RNA synthesis. However, 459 the upregulation of CCMs in response to iron-limitation appears to be small compared to 460 that in response to a decrease in pCO 2 (e.g. Burkhardt et al.
2001, Trimborn et al. 2009). 461
However, the very limited information from very different taxa makes it difficult to 462 determine the effect of iron availability on the C:P ratio. The upregulation of CCMs may 463 require ATP, for which the C:P ratio is 10:3; nevertheless, the contribution of cellular P 464
derived from ATP appears to be much lower than that of other P-rich cellular constituents 465 We found an increasing trend in the N:P ratio with increasing pCO 2 . We predict 474 that the N:P ratio of phytoplankton will increase in the future with increasing pCO 2 in 475 oceans with high-CO 2 . This, in turn, will lead to an increase in P availability in 476 P-limiting oligotrophic environments, that will result in an increase of N 2 fixation (c.f.exhaustion of nutrients (e.g. Sugie et al. 2010a) . These N-limiting environments are high 481 productivity regions, including the majority of the coastal regions (Tyrrell and Law 1997, 482 Wong et al. 2002) . Unlike the C:P ratio, the N:P ratio was significantly affected by iron 483 availability. As discussed above, iron availability has a greater effect on N assimilation 484 than on C assimilation. The elevation of the N:P ratio in response to an increase in iron 485 availability has been measured in unialgal culture of Antarctic diatom species 486 to predict, may modulate the trend in the N:P ratio observed in the present study. 489
We found that the Si:C, Si:N, and Si:P ratios varied according to the variations 490 in pCO 2 and iron availability ( Table 2 . Change in specific growth rate, cell volume (CV), surface area (SA) to CV ratio, 811 valve aspect ratio (VA ratio ; apical axis divided by transapical or pervalver axis length), 812 net C, N, P and Si uptake rate (ρ) per SA, and elemental compositions against pCO 2 
